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A supersonic compressor was designed f o r  a t i p  speea of 1400 feet 
per second, a pressure  ratio of 2.0, and a corrected w e i g h t  flow of 30.5 
pounds per second, The rotor  w a s  designed f o r  equal  distribution of 

r;' static-pressure  diffusion  across  the ro to r  and the stator based on recav- e. u ery of the  r e l a t ive   i n l e t  dynamic head. Rotor-blade profiles and hub 
contour were obtained from a channel-flow  design approach. Maximum blade 

thickness was  45 percent chord. 
I 

Over-all performance results of the  rotor  alone at design  speed gave 
a pressure  ratio of 2.17, an adiabatic  efficiency of 89 percent, and a 
weight flow of 28 pounds per second. Maximum efficiency of 94 percent 
w a s  observed at 82 percent design speed  with a pressure  ra t io  of 1.65. 
Performance chmacter is t ics  were similm t o  those of conventional  subsonic 
and transonic  rotors with a range i n  weight flow at good eff ic iency  for  
aU. speeds. 

In l e t  relative Mach numbers  were supersonfc across the en t i r e  blade 
span  ?or  speeds of 90 percent  design and above. There were no appreciable 
effects  of Mach nuniber on blade-element losses below 90 percent of design 
speed. At 90 percent  desigp  speed and dove, there was an  increase  in   the 
relative  total-pressure losses a t   t h e   t i p .  However, based on rotor  diffu- 
sion  factor,  these losses f o r  M a c h  rmnibers up t o  1.35 we comparable with 
the  losses i n  subsonic and transonic  compessors at equivalent  values of 
blatte l o d i n g .  

0 The investigations of supersonic &aJ.-flow compressors (i. e., corn- 
pressors having  supersonic  velocities  relative t o  eny blade row, refs. 1 

d 
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and 2)  have been confinedlargely t o  twu different  types. The shock-in- 
rotor compressor with  subsonic  stators was .considered 88 being  capable 
of pressure  ratios UT t o  about 3:1. The impulse type  wlth  supersonic 
velocit ies throughout the  high-turning r&or  paksaes  "bo give  supersonic 
velocit ies  entering  the  stator is theoretically capable of very  high stage 
pressure  ratios of 8 and  above (refs. 3 and 4).  

Experimental  performance of the shock-in-rotor  type has generally 
shown poor rotor performance with  observed  pressure  ratios well below de- 
sign and a severe  redistrfbution of the flow toward the  root (ref s. 5 t o  
9 ) .  Performance h a s .  generally been so poor as t o  make stage tests of 
l i t t l e  interest .  .. . . .  

The experimental results of the impulse-type rotors when tested  alone 
have shown that high energy input can be accomplished with a reaeonable 
efficiency  (refs. 10 t o  12) .  The energy imparted, however, is almost en- 
t i r e l y   i n  the form of kinetic energy  with s ta tor- inlet  Mach numbers 
well above 1.0. Attempts t o  convert this into  pressure by deceleration 
through Mach 1.0 i n  the  s ta tors  have resulted in severe  reductions i n  ef-  
ficiency and pressure  ratio (refs. 13 t o  E). 

The distribution  in  static-pressure , r b e  .across  the  rotor and the  
stator  for  both  types is considerably  different than that &ually  obtained 
i n  subsonic compressors. (e. g . , . ,for. the syn&etrical  velcciliy diagram where 
the  static-pressure rise  is' distrfbuted  equally  across r o t o r  and stator) .  
The shock-in-rotor compressor,s were frequently  designed for a larger 
static-pressure  ratio  across  the rotor than t o t a l - p r e s e e   r a t i o  across 
the  stage. For the impulse-type rotor, the design  static-pressure  ratio 
across  the  stators was very nearly  equal t a  the stage total-pressure 
rat io .  

. . . . . . . 

The poor performance of the supersonic-compressor  types  previously 
discussed can be attributed l a rge ly   t o  flaw sepai?ation w&ich, in turn, 
resu l t s  from attempts to  obtain  too high a static-pressure rise across 
the  blade row. Improvement i n  performance of supersonic compressors  can 
be  anticip,&ed if the  static-pressure  r ise acrosa the blade row i s  l i m -  
i t e d  t o  values less than  those  associated  with shock b~~?~dEcry-l&yer In- 
teractions  that  lead t o  flow separation (refs. 16 and 17 }. I n  addition, 
the  hfghest  pressure  ratios  consistent with good efficiency will be ob- 
tained when the  maximum static-pressure rise without  separation l e  ob- 
tained  across both the  rotor- and stator-blade rows. This report  presents 
(1) the general  considerations leading t o  the selection of a rotor  design 
point  based on a distributed st.atic-pressure rise a c r o ~ ~  both  the  rotor 
and the s ta tor ,  (2) the design of the rotor, &d (3) the  over--all and 
blade-element  performance of the rotor  alone. 
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The following synibols are used i n  this report: 

constants used i n  describing blade wan l i n e  

diffusion factor  

work input 

r a t i o  of stream-filament  thickness t o  stream-filament thickness 
at i n l e t   t o  compressor 

incidence angle, deg 

absolute Mach mer, r a t i o  of absolute gas veloci ty   to   local  
velocity of sound 

re la t ive  Mach m e r l  r a t i o  of gas veloci ty   re la t ive  to   rotor  
to   local   veloci ty  of sound 

t l p  speed, made dimensionless by inlet stagnation  velocity of 
sound 

t o t a l  pressure, made dimensionless by  upstream  stagnation pressure 

r e l a t i v e   t o t a l  pressure, made dimensionless by upstream stagnation 
pressure 

static pressure, made dimensionless by  upstream stagnation  pressme 

velocity  ratio, made dimensionless  by  upstream  stagnation  velocity 
of  sound 

radius  ratio, radius r made dimensionless by t i p  radius 

radius, in.   or f t  

different ia l   in   dis tance along streamline, made dimensionless 
by t i p  radius 

blade thickness, made dimensionless by t i p  radius 

rotational speed, f t /sec 

absolute  velocity,  ft/sec 

velocity  relative t o  blade row, f't/sec 
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axial  distance, in. . .. 

axial  dimension, made dimensionless  by t i p   r ad ius  

absolute  air-flow  angle measured from axis of rotation 

relat ive &-flow angle measured from a x i s  of rotat ion 

r a t i o  of specific  heats 

r a t i o  of i n l e t   t o t a l   p re s su re   t o  NACA standard sea-level pressure 

deviation angle, deg 

adiabatic  efficiency 

r a t i o  of  i n l e t   t o t a l  temperature t o  NACA standard sea-level 
temperature 

air turning angle, change i n   r e l a t i v e  flow  angle from inlet 
to   ou t le t  of blade row 

4 

differential   in  tangentid  direction  (posit ive fn direction of 
rotation) 

density made dimensionless  by  upstream  stagnation  density 

blade sol idi ty  

angle between streamline and ax is  of rotation measured i n  
Rz plane . .  . . . - . . . - -. . . . . .. .. . 

. . .  .. " " _  
. - . - " - 

. .  . - 
- 

P2 - PI P3 - P2 
dimensionless  static-pressure  recovery * P i  - P1 p2 - p2 or 

relative totd-pressure loss coefficient  (ref. 18) 

Subscripts: 

h hub 

m mean condition on mean streamline 

p pressure surface of blade 



NACA RM E55A27 5 

R rotor 

r radial component 

S stator 

s suction  surface 

t t i p  

0 s ta t ion  in inlet plenum tank 

1 sta t ion  at rotor  inlet 
* 2 s ta t ion  1 in. dawnstream of rotor  

I 3 s ta t ion  9.7 in. downstream of rotor 

COMpREsSclR DESIGN 

General considerations. - The range of pressure  ratios  theoretic- 
available at a rotor  speed of 1400 feet   per sekond with no guide-vane 
turning and an axial inlet Mach eer of 0.7 i s  shown in  figure l(a) . 
The isentropic  total-pressure  ratio is plotted  against the rotor  turning 
angle for various velues of rotor-outlet   relative Mach &er. Ya;Lues 
are shown f o r  the  dimensionless  static-pressure  recovery *, defined aa 
t he   r a t io  of the  static-pressure rise t o  the  difference between the  inlet 
re la t ive   to ta l   p ressure  and t he  inlet s t a t i c  presmre. Contours of con- 
stant  static-pressure recovery i n  the stators   resul t ing when the   s t a to r s  
diffuse t o  the ro to r - in l e t  absolute M a c h  nuniber are also shown. 

Shock-in-rotor  supersonic-compressor designs have generally been 
characterized by a diffusion  to  subsonic re la t ive   ou t le t  M a c h  mznibers of 
about 0.7 with only moderate rotor turning. This design is seen from 
figure 1(a) t o  resu l t   in   l a rge  amounts of diffusion (qR-0.6). E the sta- 
t o r s  are designed f o r  an outlet Mach number equal to the  absolute  rotor- 
i n l e t  Mach number, then, from figure lcs), qS is  very s& and can even 
be negative. The inrpulse rotors have been characterized  by a large amat 
of turning i n  the r o t o r  with very l i t t l e  rotor  diffusion. A large amount 
of diffusion Is then  required i n  the s ta tors .  . 
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From the  standpoint of a complete stage, a mre reasonable  design 
would be to   dis t r ibute   the  s ta t ic-pressure rise a q o s s  both  the  rotor and 
the  s ta tor .  In general, the  Mach.nmbers r e l a t ive   t o  t h e  rotor- and 
stator-blade rows can be considerably  different. Under these circum- 
stances a reasonable method of distribution would be on the basis of $f, 
the  recovery of the  re la t ive inlet dynamic pressure. 

The theoretical  total-pressure  ratios  available with rotor speeds 
from 800 t o  1600 feet per second f o r  the c u e  of e m  etatic-pressure 
recovery  across rotor and s ta tor  are shown i n  figure l(b) plotted  against 
rotor  turning  angle. These curves are based on equal Mach mmbers at the  
i n l e t  and outlet  of the stage. Contours of  constant  pressure  recovery 
and stator- inlet  angle are a l s o  shown.  The pressure  ratio  that  can be 
obtained  efficiently at any given rotor speed K i l l .  then depend upon the 
maximum static-pressure  recovery that can be obtained without flow 
separation. . .. 

Low-speed cascade d8t.a indicate tha t  an increase  in losses occurs 
with pressure recoveries above abaut 0.4 t o  0.6 (fig.  3(e), ref. 18) with 
considerable  variations at differen+  staggers and solidities. A more 
desirable loading  pqameter was "found t o  be a diffusion  factor  defined 
aa (ref. -18) 

- - -  - . , . . ~ .  1 . . ~. . ".. 

Cascade data indicated tha t  a sharp ri.8e . i n  - 1 o s s e s . o c ~ e d  f o r  dlffusion 
factors above about 0.6. In  addition,  rotor loss data, *en compared-wlth 
D fo r  the rotor tip, indicated  that a significant rise i n   t i p   l o s s e s  oc- 
curred at about 75 percent of the  two-dimensional  cascade limiting  value. 
A corresponding  reauction i n  Etllowable t i p  loadLng can be expected by 
using a pressure  recovery aa a loading parameter.. A .direct   relation does 
not  exist between $ and D for  the genera3  case  since a blade-loading 
term and solidity are involved i n  D and not i n  $. However for the 
conditions of constant ax ia l  velocity,  inlet flow angle of 60 b , and solid- 
i t y  of 1.0 (which is representative of t i p  condition), a reduction i n  D 
from 0.6 t o  0.45 has a corresponding  reduction i n  $ from 0.6 t o  0.48. 
Thus, a design  utilizin@; a pressure  recovery OS about 0.3 t o  0.4 can be 
expected t o  give-reasonable  performance. In view of the  better  correla- 
t i on  of losses w i t h  diffusion  factor, the design should be reevaluated 
using  the  diffusion  factor  for  both the rotor and the  stator,  once the 
solidFty and d d - v e l o c i t y  ratios have been selected. 

. . ". 

For the  rotor  .used i n  this  investigation, a pressure  recoveq of 0.33 
w a s  selected, equal i n  both  rotor and stator, with  the  stator-outlet Mach 
number equal t o  the  rotor-inlet  Mach nude r .  For the design t i p  speed of 
1400 feet  per second, th i s  resulted i n  a rotor work input corresponding 
t o  an isentropic  total-pressure r a t i o  of 2.3 (fig. l(b)). 

. 
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Rotor-blade  shape. - The selection of the r o t o r  t i p  speed of 1400 
feet   per second, t he  axial inlet Mach  nuuiber of 0.7, and the  static- 
pressure  recovery of 0.33 i n  both  rotor and s t a to r   t i p   r e su l t ed   i n   t he  
following rotor   re la t ive fnlet and outlet  conditions at the   t ip :  

V 

Mach  number 
Flow angle, 

dea 

T h i s  combination of Mach nuniber and angle change requires an appreciable 
contraction of the flow annulus i n  order t o  satisfy  continuity. If a 10- 
percent  allowance at the  out le t  is m a l e  for  the  blade wake and b m  
layer,  then  the  autlet  passage height d o 4  the t i p  streamline must be 
reduced t o  61  percent of the height at the inlet. 

The requirement of  an appreciable  contraction of the annular passage 
height, in addition  to  the mixed subsonic and supersonic flow f i e l d   t h a t  
will exist, makes an accurate computation of a blade shape f r o m  a &re- 
scribed loading dist r ibut ion  or  a desired flow pattern  impractical if not 
impossible at present.  ently, an approximate design  system  based 
on the channel-flow apprzzr&f. 19) was agplied. The procedure fo l -  
lowed very closely that described i n  reference ll. 

The method of solut ion  ut i l izes  two equations: (1) the continuity 
equation i n   t h e  form 

R1~1-621 COS B 1  R b % h  COS B *  - - (1-1 41 + cos2gt tan2q 

The  mean velocity is assumed equal to   the  ar i thmetic  average of the blade 
surface velocities, and the flow angles at any axial   posit ion me assumed 
equd t o  the m e a g  flow angle. 

These two ewations involve  five  variables: (1) the mean-velocity - distribution, (2) the mean f l o w  angle, (3) the  blade thickness  distribu- 
tion, (4) the  annuls? contraction of the  stream tube  height, and (5) ' the  

1 blade surface-velocity  distribution. For the  rotor  reported  herein,  the 
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mean-velocity distribution was prescribed. The mean flow angles and the 
blade  thickness  distribution were prescr ibed  ini t ia l ly  and mdif3ed a6 
necessary t o  obtala an acceptable annulas contraction of an incremental 
stream tube and the  blade  surface-velocity  distribution. In order t o  
mtch  the  prescr ibed  inlet  end out le t   re la t ive  Mach numbers, the mean- 
velocity  distribution r e w e s  a reduction in Mach  number from 1.487 at 
the  entrance t o  very close t o  1.0 at the exit. The attainment of this 
deceleration  in ac-hral f l o w  without shocks in a uniformly convergent pa6- 
sage is  fiqpossible i n  a tvo-dimensiond. open-throat-type Wfuse r   ( r e f .  
21) because of s t&fl i ty  requirements. However, the use of a spiked- 
dlffuser principle, whereby the f l o w  is decelerated ahead of the closed 
or  covered portion of the  rotor-blade passage,  should  be agplicable (ref. 
8). Consequently, a mean-velocity distribution  simulating  that  occurring 
in a caac8.de utilizing the  spiked-diffuser  principle was prescribed m3 
one of the conditions. The *resulting  distribution  required a rapid de- 
celeration s t a r t i n g  at   the  blade leading edge, as shown in   f igure 2(a), 
where the mean velocity  at  the r o t o r  t ip ,  shown as a r a t i o  of the  re la-  
t ive  velocity t o  the upstream  absolute  stagnation sonic velocity, is 
plotted  against  the axid distance through the rotor .  

. 

1 

A linear vaziation of tangent fJt between the   in le t  flow angle and 
the desired outlet  f l o w  angle was specified  as 

The constants a and b w e r e  determined t o  satisfy the  prescribed  inlet  
and outlet  angles. The resultant flow path at any radial section i s  then 
parabolic. 

The blade thickness and streamline  contraction through the channel 
were obtained from the  continuity  equation, and they had the final dis- 
tr ibutions shown i n  figures 2 (b) and IC). The blade  eurface  velocities 
may be  estimated by using  equation (2). The blade-loading distribution 
f o r  19 ro to r  blades i s  shown i n  f i v e  3. 

The flow mean l ine   fo r  all streamlines  other  than at t h e   t i p  were ob- 
tained by recomputing the  constants a and b of equation {l) t o  match 
the inlet and outlet  angles. The out le t  angle WELE obtafned from the  re- 
quirement of equal work input along the radius. The thickness  distribu- 
t ion  shown in figure 2 (b) was used for  a l l  sections. 

In order t o  obtain the rotor-blade shape from the  prescribed th ick-  
ness dist r ibut ion and the flow mean l ine,  an incidence  angle of 5 waa 

assumed (based on the resul ts  of ref. 22) .  The blade mean l i ne  Xa8 faired 
forward f r a  z = 0.15 (the approximate location of ghe entrance t o  the c 

closed or covered par t  of the passage) t o  a value % less than the desired 
in le t  flow angle a t  the 1eadi;ng edge. The boundary-layer allowance xas L 

10 

1 



NACA RM E55A.27 - 9 

made ent i re ly  on the  suction  face of the blade, with the growth arbitraz- 
i l y  assumed t o  vaxy parabolicly along the blade surf ace. The blade shape, 

shown in   f igure 4, had a maximum thickness  approximately  percent of 
the chord  with the position of maximum thickness about 50 percent of the 
chord from the  le&= edge. 

2 

Hub contour. - The  hub contour was obtained by computing successive 
stream  filaments from t h e   t i p  toward the  hub.  The conditions of radid 
equilibrium in   t he  form 

and continuity  in  the  meriafonal  plane based on the mean flow conditions 
were sa t i s f i ed  in the  same manner as described in  reference ll. The  hub 
contour result ing from these  calculations i s  shown i n  figure 4(b). The 
blade  coordinates and bub contour  defined i n  figure 4 (a) are shown i n  
table  I. 

Compressor ro tor .  - The compressor rotor  (fig. 5) w a ~  machined from 
a so l id  14s-T aluminum forging. The rotor had a constant t i p  diameter of 
16  inches, 19 blades, and an &al depth of 2.48 inches. The entrance 
hub radius   ra t io  was  0.73 the t i p   s o l i d i t y  w a s  1.3. The compressor did 
not have i n l e t  guide vanes or  exit stators .  

Compressor test rig. - The compressor test r ig   ( f ig .  6) consisted of 
an inlet tank (7.5 ft i n  dia. and 15 f t  long), the compressor test sec- 
tion, t he  outlet-air  collector, and the  inlet and exhaust  ducting. 

The r i g  could be supplied with either  refrigerated air or  room air 
which was  exhausted t o  either the a l t i tude  o r  atmospheric  exhaust  system. 

The colnpressor w a s  driven by a 6000-horsepower variable-frequency 
e l ec t r i c  motor through a speed-increaser  gem box. 

Instrumentation. - Standard  instrumentation was i n s t d l e d   i n   t h e  in- 
le t  tank t o  m e a s u r e  the inlet stagnation  pressures and temperatures ac= 
cording t o  the method described i n  reference 23. Survey data were taken 
at eight  radial   posit ions at each of  two stat ions downstream  of the rotor.  
The s ta t ions w e r e  located approximately 1 inch and 9.7 inches downstream 
of the  intersection of the blade trailing edge and the r o t o r  hub.  The 
data  taken and the  instruments  used to  obtain  the  data at each s ta t ion  
are: (1) stat ic   pressure by a self-balancing L s t a t i c  probe, ( z }  t o t d  
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pressure and flow  angle  with a coxibination  probe at s ta t ion 2 and a minia- 
ture claw  probe at s ta t ion 3, (3) t o t a l  temperature wiLth-a self-balahcihg 
spike-type thermocouple  probe, and (4) static  pressurea by f o u r  taps ap- . 
proximately 90' apart  in  both  the  inner and out& w i l l s .  

. 

. . "  

Fifty-three  pressure taps were located  in  the outer wall to  read the 
static  pressures from 4 inches upstream t o  13 inches downstream of the 
rotor  leading edge. These taps were 1/4 inch ap& i n  the vicini ty  of 
the rotor and instrument measuring stations ,and 1/2 inch  apart i n  the 
other  sections.  Static  taps w e r e  located  at  corresponding  locations i n  E! 
t h e  inner w a l l ,  except on the   rotor  hub. 

. " 

M 
M 

The weight f low w a s  measured try three  separate m e a n s :  (1) AII A.S.M.E. 
or i f ice  with standard. radius  taps  in the 24-inch-diameter downstream piping 
system. The total   pressure and temgerature were  measured at the upstream, 
radius  tap,  station. (2) A total-pressure rake 1.1 inches  upstream of the 
rotor and the inner- and outer-wall static  pressure.  (3) The survey data 
a t  stations 2 and 3. 

" 

a 

Station 1 w a s  located 0.10 inch  upstream of the  rotor. In w a e  in- 
strumented  with four s ta t ic   t aps  approximately 90' apart  circumferential- 4 

ly on both  the  inner w a l l  and outer w a l l .  

The compressor rotor w a s  operated a t  seven  speeds from 50 percent  to 
100 percent of the 1400-foot-per-second design t i p  speed. The weight-flow 
range was covered from open t h r o t t l e   t o  apdlble ss&@;e at each  speed. -The 
or i f ice  readings, static  pressures, and radbl. surveys at stations 2 and 
3 were taken at each point. The intewated w e i g h t  flow at stations 2 and 
3 was computed &s a check on the  or i f ice  reading as w e l l  as on $he survey 
instruments. Momentum efficiencies were also computed as a check on the 
survey  instruments and thermocouple readinga. The blade-element data, 
mass-weighted total-pressure  ratio, and mass-weighted adiabatic and mo- 
mentum efficiencies were computed as described i n  reference 22. The per- 
formance of the  rotar  l e  presented based on the  orifice  corrected w e i g h t  
flows and the thermocouple temperature  readings. 

. . . . -. . . .. . . "" ~ 
. . _ _  
- 1  

. .  

- 

. ..- 

The streamlines,  for the blade-element calculations, were assumed t o  
be at radii of equivalent  percentage  passage  height a t  each station, that 
is, assuming a l inear  variation in pVz. 

Average Rotor Perf ormmce I 

The mass-weighted rotor pressure  ratio and efficiency based on the 
survey data taken at s ta t ion  2 are  shown in figures 7 and 8, respectively, 
plotted against the  corrected weight flow based on or i f ice  measurements. 

"_ 
* 
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The peak efficiency  rotor  operating  point  occurred at 82 percent  speed 
(UT = 1148 f t / sec)  where a rotor  efficiency of 94 percent was observed 
at a pressure  ratio of 1.65. A t  the  design speed of 1400 feet per second, 
the peak efficiency dropped t o  89 percent at a ro tor  pressure r a t i o  of 
2.17. M a x i m u m  pressure r a t i o  at design speed w a s  2.21. 

. 

The characterist ics of t he  w e i g h t - f l o w  r w e  of this rotor  compare 
closely  with those of typical  subsonic and transonic rotors .  There w e r e  
no apparent  discontinuities  in  pressure r a t i o  between maximum and min- 
imum flow at any speed. The constant weight-flow characterist ic  associ-  
ated  with design operation of supersonic  shock-in-rotor compressors i s  
not  obtained,  either because of the lower inlet re la t ive  Mach  number o r  
because the  rotor  operational  characteristics can be  expected t o  be dif- 
ferent depending on the  type of wave configurations  (external o r  internal)  
that exist. The maximLlzll w e i g h t  flow at design  speed W&B below the  design 
value of 30.5 pounda per second. 

Radial-Flow Variations 

Inlet .  - Because of the  rotor hub curvature and the  required hub 
fairing  section ahead of the  rotor,  a var ia t ion  in  inlet velocity at the 
r o t o r  M e t  can be expected. The flow  variation  obtained  experimentslly 
is shown in figure 9 cornpaxed with  the  variation assumed i n   t h e  design. 
In order t o  obtain  the  velocity  distribution from w a l l  measuremente, a 
parabolic  variation  in static pressure between the  hub and t i p  was 88.- 
sumed. The magnitude of the veloci ty   var ia t ions  a t   the   rotor   inlet  i s  
seen t o  be sufficiently  large,  due t o  the  lasge hub curvature, as t o  
warrant  consideration i n  the design. 

The radial variations of inlet relative Mach nuniber and re la t ive   in -  
l e t  air angle are shown in  f igures  10 and ll, respectively, f o r  design 
speed and pressure  ratios of 2.2 and 2.0 (points A and C, respectively, 
of figs. 7 and 8). The design inlet flow angle a d  the blade mean- 
l i n e  angle are also shown i n  figure =. WMle the  variations  generaJJy 
follow the trend  used  in  the design, the magnitudes of ,both Mach  nuniber 
and re la t ive  angle are appreciably  different from the  design  values. The 
3O higher  incidence  angle  causes a large  reduction  in  the w e i g h t  f low 
from the  design  value. The change i n  incidence angle over the weight- 
flow range I-s also seen t o  be. less than lo. 

- Exit. - The radial variations  in  outlet  flow conditions were obtdned 
from surveys  taken at s ta t ion  2. The radial variations of total-pressure 
ratio,  aBiabatic  efficiency,  absolute  outlet Mach nuniber, and absolute 
outlet  angle  for  speeds of 90 percent, 95 percent, and 100 percent of de- 

r a t i o  is. seen t o  be nearly  constant across the  radius  for dl speeds  with 
a slightly  increasing  pressure toward the t i p  a t   t he  maximum-pressure- 

. sign are shown in   f igure  12. Except f o r  the end regions  the pressure 

- r a t i o  condition. The efficiency falls off  near both ends, with a gmdual 
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reduction along the outer radii starting near the midpassage. The design 
condition of constant work input i s  thus  not obtained,  with  lerger-than- 
design work input  occurring  new  the t i p  and less than  design  near mid- 
passage. The efficiency drop off ne= the inner and outer w a l l s  with as- 
sociated  reductions i n  a x i d  v e l o c i t y   r e s d t s   i n  a grdud rise in   out ikt  
air angle toward both  rotor hub and t i p .  For maximum back pressure  (point 
A) at 90 and 95 percent  design speed, t he  effect  i s  most pronounced a t  the  
t i p  and is f e l t  w e l l  in to   the midpassage. A t  design speed, a marked r i s e  
in  angle  occurs  over the outer half of the passage for all pressure 
ra t ios .  

The Mach numbers entering  the  stators are slightly higher than con- 
ventional  for design speed. For- 95  per-cent design speed, the average 
free-stream Mach  number for  point B (P2/P1 = 2.03) is 0.78 and the abso- 
lu te   ou t le t  angle i s  40°. If the  flow i s  returned  to dal. and diffused 
t o  the same Mach  number a~ entered  the  rotor,  then  the average s t a to r  dif- 
fusion  factor  for a t i p   s o l i d i t y  of 2.0 is 0.45. The losses   that  might 
be encountered with stators may be estimated by using the results of ref- 
erence 24, where a diffusion  factor of &out 0.45 and an average turning 
angle of 47O was obtained. A t  t h i s  point, however, the s ta tors  of refer- 
ence 24 appeased t o  be  operating  well-off  the optimum incidence  angle for 
m i n i m u m  losses. Even if the losses  associated  with this.higher-turning, 
off-optimum-incidence-angle operation of reference 24 are assumed, the 
stage pressure  ratio of 1.942 a t  an over-all  efficiency of 84 percent 
would be  obtained. 

. 

. 
.. . " . " 

4 

..-. 

The r o t o r   p e r f o m c e  is analysed .by assuming 8 blade-element flow 
as used i n  reference 22. The blade-element  pmameters  considered were 
total-pressure loss coefficient,  relatfve Mach  number, dlffusi6n  factor, 
deviation angle, axial-velocity  ratio, and adiabatic  effxciency. These 
parameters are given as a function of the blade-element . . . . . - . . . incidence angle. 

.. 

. . . . ." " 

"" - - _" 

The blade-element parameters are  reported at three radial positions, 
tip,  pitch, and hub. The t i p  and hub sections  are  taken to be 0.570 inch 
from the wall at the  ro tor   in le t  and 0.340 inch from the w a l l  at the rotor 
out le t ,  These sections do not fall within  the wa31 boundary layer as evi- 
denced by the small radial variations i n  out le t  Mach nuniber (fig. 12). 

" 

Performance as Function of Incidence Angle 

Deteimination of incidence angle. - The ..r&al- st.atjc-pressure gra- 
dient immediately ahead of t he  rotor W&B obtained by assuming a parabolic 

. "  

a 

distribution between the observed  inner- and outer-wall  static pressures. 
The small radlal velocity component was neglected. Survey data at the 

" 

r -  
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inlet   to   other   rotors   tes ted in the same facil i ty  indicated  negligible 
i n l e t  whi r l .  The i n l e t  e i r  angle w a s  computed by using  the  axial  veloc- 
i t y  and the wheel speed. The incidence  angle w a s  then  obtained from the 
in l e t  air angle and the  measured blade angle. 

Blade-element  performance parameters. - The relative  total-pressure 
loss across  the r o t o r  was expressed as a r a t i o  of the inlet re la t ive  dy- 
namic head Pi - pl. This r a t i o  E is computed from equation (B9) of 
reference 18 with  the  ideal  relative  total-pressure  ratio of this equa- 
tion  corrected by using  the  inlet   relative  stagnation  velocity of sound. 

The inlet re la t ive  Mach number was computed f r o m  the  axial  velocity, 
the wheel  speed, and the  velocity of sound determined from the  inlet   tank 
t o t a l  temperature and absolute inlet Mach n h e r .  The axial-velocity 
r a t io  V,,  2/V,,l is the   r a t io  of the a x i a l  velocity observed at s ta t ion  
2 t o  t he   i n l e t  axial velocity. The adiabatic  efficiency q is based on 

based on 'the measured blade angle, and the  computed e x i t   a i r  angle i s  
based on absolute f low measurements. 

. the measured temperature and pressure rise. The deviation  angle 6O is  

b 

The diffusion  factor D w a s  computed on the assumed streamline by 
the method u t i l i zed  i n  equation (13) of reference 18. The assumptions 
leading  to  the  velocity  distribution  used  in  deriving  the  diffusion  factor 
may not be s t r ic t ly   appl icable  i n  this case  because of pressure disconti- 
nui t ies  caused by shocks. However, t h i s  parameter is usefu l   in  comparing 
the over-& loading of this ro tor  with that.of  other  rotors; and in   t he  
absence of a better  cri terion, it might s t i l l  be of use in correlating 
blade losses. 

The computations are based on the data obtained a t   s ta t ion  2. The 
ove r -a l l  resu l t s  at s ta t ion  2 and stat ion 3 generally agreed within 2 
percent, 3 percent  being  the maxim variation in  the   resu l t s  between 
these  stations. 

Tip performance. - The inlet re la t ive  Mach  number at the   t ip   sec t ion  
varies from approrimn.tely 0.9 t o  1.35 for   the  speed  range of 70 percent 
t o  100 percent a8 shown in   f igure  13. 

The  optimum (minimum-loss) incidence  angle i s  nemly  constant  with 
speed a t  a vdue  s l ight ly   less   than 5O. The total-pressure losses tend 
t o  increase and the range of incidence  angle f o r  low losses  decreases 
sharply BB the speed i s  increased  (fig. . l3).  

The deviation  angle  (fig. 13) at 70 percent  design speed, where 
1 t he   i n l e t   r e l a t ive  Mach  number was l e s s  than 1, varied about 2O. The 

deviation  angle f o r  the speeds where the   i n l e t   r e l a t ive  M a c h  Ilumber was 
greater than 1 w a s  nemly  constant  except f o r  design speed. 

* 
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The diffusion  factors a t  incidence angles near optimum or minimum- 
loss points w e r e  i n   t he  moderate range of values. The diffusion  factor 
increased  rapidly with only slight  increases i n  incidence  angle at 90. 
and 100 percent  design  speed  (fig. 13). The adiabatic  efficiency  fol- 
lowed a trend that was  the reverse of the  relative  total-pressure loss. 
Maximum values of tip-section element efficiencies of 90 percent or bet- 
ter  were observed fo r  all speeds. Tfie axial-velocity  ratio  (f ig.  13) 
had a minimum value of 1.4 at 70 percent  design  speed. mi6 high  value 
resulted from the  large amount of annular contraction through the rotor 
and the   re la t ively low pressure  ratio at 70 percent  design  speed. As 
the  speed and pressure  ratio  increased,  the minimum value of the  axial- 
velocity  ratio  decreased  to a value  sl ightly under 1.0 at design  speed. 
Maxim t i p  element efficiency at design speed occurred a t  an axial- 
veloci ty   ra t io  of about 1.2.  

-r - 

Pitch performance. - .The in l e t   r e l a t ive  Mach number a t  the pi tch 
section ranged  from 0.8 t o  1.25. The loss w&8 practically independent of 
Mach number (fig.  14) and had a rather low value even for the high in- 
le t  re la t ive  Mach numbers. The optimum incidence  angle fo r  design  speed 

' appeared s l ight ly  higher than the part-sgeed optimum incidence  angles. 
The trend, however, is not as marked as other  investigations have indi- ' .. 

cated (e. g., ref .  24). 

". 

There was l i t t l e  significant  trend of deviation angle (fig.  14) 
other than an increase of slightly over lo at design speed  over the val-  
ues observed a t  pext speeds. 

The diffusion-factor  (fig. 14) trend at the  pitch  section was 
sh i la r  t o   t h a t  at the  t ip  section  but at lower values, The efficiency 
was very  high and, i n  general, remained high over the range of incidence 
angles  encountered  (fig. 14). 

.. 

The axid-velocity-ratio trend (fig. 14) wae also similar   to   that  
at the  t ip   sect ion.  However, a t  this section, minimum values of axial- 
velocity  ratio  occurred  near peak eff ic iency  for  a l l  speeds. A t  design- 
speed  peak-efficiency  operating  point,  the  axial-velocity  ratio waa &out 
1.1. 

Hub-section  performance. - The i n l e t   r e l a t ive  Mach  number range  (fig. 
15) was from 0.75 t o  1.15. The  minimum relative  total-pressure loss was 
Fndependent of Mach number.  The incidence-angle  range  again  decreased 
sharply with increased speed. The incidence angle f o r  m i n i m u m  loss was 
not sharply defined except at design  speed where the loss factor  increased 
rapidly on either side of the minfmum-loss incidence  angle. 

The deviation  angle  (fig. 15) again increased  slightly w i t h  in- I 

creased  speeds. A t  a l l  speeds, near the low-incidence or choked-flaw re- 
gion of operation, the deviation  angles increa8e.d a~ back pressure was .. .. 

w 
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reduced. This trend is opposite t o  t ha t  observed for   the  pi tch and t i p .  
A possible  explanation is tha t   the  hub section chokes k d  then expands 

pressure  gradient  behind the rotor, this tendency f o r  a supersonic expan- 
sion followed by a normal shock i s  greatest at the  rotor hub. 

- supercrit ically with a subsequent normal shock. Because of the  radial 

The diffusion-factor (fig. 15)  trend at the hub again ref lected  the 
sensit ive  relation between incidence angle and loading at the high speeds. 
mb-section loading was low f o r  conditions. 

The adiabatic  efficiency  (fig. 15) decreased  very  rapidly  as chok- 
ing  incidence angles were approached fo r  all but  the 70 percent  speed. 
The efficiency pedced a t  very high values and remained high  over most of 
the range of incidence  angles  encountered. 

The axial-velocity  ratio had the same very  sharp decrease at the 
low-incidence-angle  range. The peak efficiency at design speed, 88 f o r  

(fig.  15). 
- the other  sections,  occurred at an axial-velocity  ratio of about 1.2 

- 
COMPARISON W l T H  DESIGN 

lo The design  incidence  angle w a s  approximately % W l e  the observed 

incidence angle at design  speed  varied from So t o  6O approximately. An 
analysis of the blade-passage area  indicated that minimLzm passage area 
would occur at the exit. Computations of  choking incidence  angle were 
made at 82 percent  design  speed  with  zero and 8-percent bmdary-leyer 
allowance. 

The choking incidence  angles  for 82 percent  design  speed were 2.1' 
and 4.9O for  zero and 8-percent  boundmy-layer  allowance, respectively. 
The average inlet r e l a t i v e  Mach number was about 1 so that minimrlm inci-  
dence angles would be determined  by the  choking phenomena. The observed 
incidence  angle of approximately 4 O  indicates a boundary layer of 6 t o  7 
percent for the choked-flow condition at 82 percent  design  speed. 

A t  design speed, the choking incidence  angle fo r  an 8-percent bound- 
a q y  layer was  2.4' compared with an average observed angle of 5. lo. For 
the minimum incidence a l e  t o  be determined by choking at the  exit, m 
addi t ional  8 percent f o r  a t o t a l  bom*-layer blockage of 16 percent 
would be required. While an increase i n  boundaq-layer thickness at de- 
sign  speed is indicated by the higher devfatian angles, the  change in 
deviation  angle is not sufficient t o  account for  the  required boundary- 
layer increase. In addition,  the change in   rotor   eff ic iency does not 

1 seem to   r e f l ec t  such a marked change in  flow through the  rotor.  
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Because of the supersonic r e l a t i v e  velocities  existing across the 
en t i re  blade passage, the  possibi l i ty   exis ts   that  the minimum inlet flow 
angle i s  d e t e d n e d  by a wave pattern as described i n  reference 1. !Che 
computation of t h i s  wave pattern is considerably  complicated by the  three- 
dimensional  nature of the flow, and no attempt w a s  made t o  determine the 
wave pattern that might exist ahead of the.rotor..  . .  

The deviation  angle at design speed varied from 4.O t o  6O aa congaxed 
with the design deviation angle of about 3O. 

The radial variation of work input at design  speed is  ehom, i n  f ig-  
ure 16. The lower pressure-ratio  points have nearly a  constant work in- 
put over the  midportion of the passage. The higher  pressure-ratio  point 
shows a marked gradient i n  work ingut &8 compared with the constant-work- 
input design. 

The variation of static  pressure along the outer  casing  in  the v i -  
c ini ty  of the rotor is shown i n  figure 17. For  comparative  purposee, the 
s ta t ic   pressure tha t  would exist fo r  the design mean-velocity distribution 
with isentropic  flow is a l s o  shown. The deceleration near the leading 
edge is  obtained for  point B. However, for t h i s  point the ou t l e t   s t a t i c  
pressure is  appreciably  higher thm desi,gn, indicating  diffusion t o  lower- 
than-design Mach numbers r e l a t ive   t o  the blade. W s  added diffusion W&B 
suf f ic ien t   to  overcome the   effect  of the  sl ightly higher-than-design de- 
viation angle and r e su l t ed   i n  a hi&er-tha~-design work input. A t  point 
C, where nearly design work input was obtained (fpig. 161, the s t a r t  of 
the  deceleration w a s  delayed u n t i l  w e l l  behind  the leading edge. While 
a static-pressure  distribution analogous t o  a spiked diffuser w a ~  not 
obtained at point C, there apparently was sufficient three-dimensional 
relief t o  permit a uniform deceleration from the  inlet Mach mniber of 1.35 
to   s l i gh t ly  below 1.0 without serious shocks or   instabi l i ty .  

The static-pressure  recovery $ for  point C based on observed  pres- 
sures just ahead of the rotor and a t  the ro tor   t ra i l ing  edge is 0.34 com- 
pared  with the design value of 0.31. For point B, the static-pressure 
recovery had increased t o  0.41. The increase  in  static  pressure immedi- 
ately behind the rotor i s  probably  associated with a reduction in   t he  wake 
displacement  thickness  behind  the  blade.  Since the relative out le t  Mach 
numbers are close t o  L O ,  smal l  changes i n   t h e  displacement thicknek will 
have an appreciable  influence on the Mach  number and static-pressure dis -  
tr ibutions behind the  rotor. 

CONCLUDING DISCUSSION 

" 

The performance obtained from a rotor  designed f o r  8 1400-foot-per- . 
second t i p  speed has indicated  that  bl&e-elegent  effrciencies above 90 . ... . - 

percent can be obtained at relat ive Mach mnibers up to 1.23 and t h a t  rotor  

.. - 
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efficiencies approaching 90 percent can be obtained at re la t ive  Mach num- 
bers of 1.35. The loss coeff ic ients   for   the  t ip   sect ion appear t o  corre- 

data obtained f r o m  a large number of conventional  rotors and stators shown 
in reference 18 is also outlined on the figure. The tip-section perform- 
ance is seen t o  compare fav0ra;bl.y with  subsonic and t ransonic   resul ts   for  
speeds up t o  and including 90 percent  (i.e., M a c h  numbers t o  1.23). A t  
design  speed (9 = 1.35) the  losses are near the upper limit of the band. 
The loss levels shown in  f igures  18(b} and ( c > f  or  the  pitch and hub sec- 
t ions,  respectively,  indicate no qpreciable  deviation from similar plots  
f o r  subsonic and transonic  rotors. 

a l a t e  with  the  diffusion  factor, as shown i n  figure 18(a). The band of 

W l e  the  derivation of the  diffusion  factor D w&8 based on incom- 
pressible flow, the primary fac tors  influencing performance, t ha t  is, 
ove r -a l l  diffusion and blade circulation, would not be -ected t o  change 
fo r  high Wch nuniber applications. The assumed velocity  distribution  used 
i n  the derivation  entered only in a very  general manner and w o u l d  have 

m. only s m a l l  influence on the  general form of the  diffusion-factor  relation. 
However, the  empirical  constants  usedin  obtaining  the  correlation  with 

applicabili ty of the  correlation of D should be expected only i n  cases 
having similar velocity  profiles on the  blade suction  surface. This simi- 
l a r i t y  existed f o r  the  theoretical   velocity  profiles f o r  t h i s  rotor, a3" 
though the  actual   d is t r ibut ion w a s  probably altered somewhat by differ-  
ences  between the assumed and real flow. O n  the  basis  of the comparisons 
in   f igure  18, the  diff'usion factor appears t o  be a sat isfactory loaafng 
cr i ter ion even f o r  very high Mach number blading when the  velocity distri- 
bution approximates tha t  of conventional a i r f o i l s  i n  cascade. 

T emerimental performance w i l l  depend on velocity  distribution. Thus, the a- u 

The axial-velocity ratios fo r   t h i s   ro to r  were 1.15 or greater at the 
maximum efficiency  points.  This  increase in axial velocity  results when 
the  static-pressure  diffusion (based on relative  velocity head) i s  dis- 
tributed  equally  across the rotor  and the  s ta tor .  Reducing the  axial  ve- 
loc i ty  at the rotor  discharge would unbalance the  diffusion over the two 
blade rows, thereby loading up the  rotor (i.e., increasing D for   the  
rotor}. On the basis of the  correlations  with D shown i n  figure 18, a 
design fo r  a recluced a t l e t  axial velocity and the same pressure  ratio 
might well  overload  the  blades to   the   po in t  of sacrificing  efficiency. 
However, no conclusive  data on t h i s  point me avdlable   for   the  high l eve l  
of Mach numbers encountered i n  this rotor. 

The performance of the rotor  reported  herein compares favorably  with 
tha t  of the  transonic type such 88 reported  in  references 22, 24, and 25. 
This performance w a s  obtdned  with  supersonic  velocities  relative t o  the 
ro to r  across the en t i r e  blade span f o r  rotor speeds of 90 percent and 

the observation might be made tha t  a subsonic relative Mach  number region 
along the blade span to afford a tbree-dimensional re l ief   for   the  sonic  

A above. On the   basis  of the resu l t s  of the  1400-foot-per-second rotor,  

.. and supersonic flow is not required  for good efficiencies. 
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SUMMAKY OF KEsuI;TS 

Analysis of various  design  conditions for supersonic  coqressors 
indicated  possible improvement over  previous  supersonic  conpressors i f  
the  static-pressure diffusion (expressed as a recovery of t h e   i n l e t  dy- 
namic head) ac ros~   t he   s t age  is proportioned between the rotor  and the 
s ta tor .  A supersonic compressor was designed for 'a t i p  speed of 1400 
feet per second, a pressure  ratfo of 2.0, md  a corrected w e i g h t  f l o w  of 
30.5 pounds g m  second. The rotor  was designed for  equal  iiistribution 
of static-pressure  diffusion across the   rotor   a id   the  s ta tor .  Rotor- 
blade  profiles and h b  contour were obtained from a channel-flow design 
approach. Wimum blade thickness w a s  % percent chord. 1 

Over-all performance resu l t s  of the  rotor  done at design  speed gave 
a pressure  ratio of 2.17, an. adiabatic efficiency of 89 percent, and a 
weight flow of 28 pounds per second. Maximum efficiency of 94 percent 
was observed at 82 percent  design  speed with a pressure r a t i o  of 1.65. 
Performance characterist ics were similar to   those of conventional sub- 
sonic and transonic  rotors  with a rmge in weight flow at good efficiency 
f o r  all speeds. 

Analysis of the blade-element flow through the   rotor  indicated an 
angle of incidence at best efficiency of 5* t o  6O instead of the design 

angle of incAdence of 5 . The deviation angle increased slightly at the 
higher Mach numbers t o  a value of 4 O  t o  6 O  aa compared with  the design 
deviation of about 3O. 

lo 

Inlet relative Mach numbers  were supersonic  across  the  entire  blade 
span fo r  speeds of 90 percent design and dove.  Blade-element losses 
showed no appeciabLe effect o f f  EQach rmiber f o r  rotor speeds below 90 
percent design, A t  90 percent design speed. aiti-aove, "ai increase in 
lossee at the t i p  was observed. However, a comp&-ison of blade-element 
losses  based on the rotor  diffusion  factor showed losses f o r  the higher 
Mach aunibers, t h a t  is, up t o  1.35, comparable with subsonic and transonic 
losses at equivalent.vdues of the blade-loading  parameters. 

" - - - - ."  ." 

The Mach flumbers entering  the  stators %e. slightly higher than con- 
ventional for design speed. For 95 percent design speed and a to t a l -  
pressure  ratio of 2.03, the average  f'ree-stre-in Mich nubber i s  0.78 and 
the  absolute a i r  angle entering  the  stators i s  40°. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, Ja.zn.~sry 27, 1955 
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Figure 1. - Isentropic total-pressure ratio as function of rotor and stator  diffusion. 
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Figure 1. - Ccmcluded. Isentropic total-pressure r n t l o  as function of 
rotor and etator difnlalon. 
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(a) man sdoc i ty  for tip section. 

Figure 2. - Blade desi= parameters. 
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Figure 3. - Blade l cd ing .  
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Figure 5. - Supersdnic compressor rator deeigped for t i p  speed of 1400 fee t  per eecond. .. * 
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Figure 11. - Radial variation of cxpsrlmental Inlet relative alr angle at deaign speed. 
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Figure 12. - Radial variation of cutlet conditions. 
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( b )  95 Percent  deaign speed.  

Figure 12. - Continued. Radi$l YaratSoQ o E . ~ ~ ~ t . l , e t  cG,nditiQne. 
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Figure 13. - Conoluded. Tip-section blade-element oharaoterlstios. 
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Figure 15. - Hub-section blade-element 
characterietice. 
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